Abstract. Tumour necrosis factor α (TNFα) and TNF-related apoptosis inducing ligand (TRAIL) usually trigger either survival or apoptosis signals in various cell types, and nuclear factor κB (NF-κB) is a key factor that regulates their biological effects. Connexin 32 (Cx32) is a gap junction (GJ) protein that plays vital roles in tumourigenesis and tumour progression. Our previous study explored abnormal Cx32 expression in para-nuclear areas, exacerbated prognostic parameters and suppressed streptonigrin/cisplatin-induced apoptosis in human cervical cancer (CaCx) cells. In this study, we investigated the role of Cx32 in the extrinsic apoptosis pathway of CaCx cells. In transgenic HeLa cells and C-33A cells, Cx32 expression was manipulated using doxycycline or Cx32 siRNA. GJ inhibitors or low density culturing was used to change the status of gap junction intracellular communication (GJIC). We found that apoptosis induced by TNFα and TRAIL was suppressed by Cx32 expression despite the presence or absense of GJIC. We also found that Cx32 upregulated the expression of nuclear NF-κB and its downstream targets c-IAP1, MMP-2, and MMP-9 in HeLa-Cx32 and C-33A cells. Following our previous study design, our clinical data showed that NF-κB and MMP-2 levels increased in human CaCx specimens with high Cx32 expression compared to levels in para-carcinoma of cervical specimens. SC75741 and JSH-23, NF-кB signalling pathway inhibitors, inhibited the anti-apoptotic effects of Cx32. In conclusion, Cx32 suppressed TNFα /TRAIL-induced extrinsic apoptosis by upregulating the NF-κB signalling pathway. This study demonstrates a novel mechanism for Cx32's anti-apoptotic effect and provides a reasonable explanation for the pro-tumour effect of Cx32 in human CaCx cells.
Introduction
Cervical cancer (CaCx) progression may be related to the persistent presence of high-risk human papillomavirus (HPV) infection-derived oncoproteins E5, E6 and E7 (1, 2) . E6 can abrogate p53-induced apoptosis by inducing p53 degradation (3) . Apoptosis can be triggered by one of the two following major mechanisms: binding of death ligands to death receptors (DRs) in the extrinsic pathway or cytotoxicity that initiates the intrinsic 'mitochondrial' pathway (4) . Binding ligands in the extrinsic pathway include tumour necrosis factor α (TNFα), Fas (CD95/APO1) ligand and TNF-related apoptosis inducing ligand (TRAIL). However, TNFα not only activates caspase-8 in the extrinsic apoptosis pathway but also promotes tumour development via chronic inflammation. Thus, the selective inhibition of TNF-induced extrinsic apoptosis would be required for inflammation-associated tumour growth (5) .
Connexins (Cxs) have gap junction (GJ) channel-dependent, hemichannel-dependent and GJ-independent pathway functions in the apoptotic process (6) . Indeed, different types of Cxs may possess various functions. Cx43 and Cx40, but not Cx37, promote apoptosis via the transfer of pro-apoptotic signals between HeLa cells through gap junctions (7) . The traditional viewpoint mainly supports GJs as a tumour suppressors (8) . However, there is no consensus regarding the function of GJs composed of Cx32 in bystander effects. On the
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cancer cells via the NF-κB signalling pathway one hand, Cx32 downregulation contributes to hepatocellular carcinoma proliferation and metastasis (9) , and the inhibition of GJ function or its component Cx32 significantly decreases TNFα hepatotoxicity (10) . On the other hand, Cx32 expression also confers protective effects, which is the opposite of the effects of Cx26 in irradiated HeLa cells (11, 12) . Aside from its GJ function, little is known regarding the non-junctional functions of Cx32 in CaCx. As GJ components, Cxs also play roles outside the GJs, and the function of non-junctional Cxs appears to be contradictory in some reports. For example, in glioblastoma multiforme, Cx43 may be a biomarker for predicting the survival of patients with methylguanine methyl transferase-independent temozolomide resistance (13) . However, Cx43 plays a pro-apoptotic role in cisplatin-induced auditory cell death in both junctional and non-junctional conditions (14) . Cx26 and Cx43 may play important roles in CaCx carcinogenesis (15, 16) , but the function of Cx32 in CaCx has rarely been investigated. Our previous study (17) demonstrated that, relative to controls, Cx32 was upregulated and cytoplasmically localized in CaCx specimens. Cx32 expression was correlated with an advanced FIGO staging, differentiation and increased tumour size, while non-junctional Cx32 prevented intrinsic apoptosis induced by streptonigrin in human CaCx cells by promoting the EGFR, ERK and STAT3 signalling pathways. As CaCx is highly related to HPV infections and may be related to inflammation-associated tumour growth, we investigated whether Cx32 is a key regulator of TNF-related inflammation-associated tumour growth in this study. Because the role of Cx32 in the extrinsic apoptosis pathway is still unclear in CaCx, we investigated the impact of Cx32 on this pathway when induced by TNFα or TRAIL in this study. Constitutive activation of nuclear factor κB (NF-κB)-dependent pathways is a hallmark of cancer. Abnormal NF-кB activation provides resistance to malignant cells, and the NF-кB signalling pathway is also a critical factor for apoptosis induced by TNFα or TRAIL. Therefore, we examined whether the NF-кB pathway was a target of Cx32 via treatment with various inhibitors (18) .
Materials and methods
Materials. 18α-glycyrrhetinic acid (18α-GA), oleamide, dimethyl sulfoxide (DMSO), Hoechst 33258, 2-aminoethoxydiphenyl-borate (2-APB), and anti-β-tubulin, anti-β-actin mouse IgG, anti-PCNA and secondary antibodies were acquired from Sigma-Aldrich (St. Louis, MO, uSA). Anti-Cx32 antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA, uSA). Anti-P65 (NF-кB), histone H3, matrix metalloproteinase (MMP)-9, MMP-2, c-inhibition of apoptosis (IAP)1, X-linked inhibitor of apoptosis (XIAP) and cleaved-caspase-3 antibodies were obtained from Cell Signaling Technology (Danvers, MA, uSA). SC75741, JSH-23 and afatinib were obtained from Selleck Chemicals (Houston, TX, uSA). TNFα reagent was from PeproTech (Rocky Hill, NJ, uSA), and TRAIL was acquired from Sino Biological (Beijing, China). FITC-conjugated goat anti-rabbit secondary antibodies were from Abbkine. Hygromycin B, G418 and doxycycline (Dox) were obtained from Calbiochem (San Diego, CA, uSA). Annexin V-FITC apoptosis detection kits were from Biotool (Houston, TX, uSA). Cycloheximide (CHX) was obtained from DingGuo (Guang Zhou, China Cell lines and cell cultures. human CaCx cell lines (C-33A cell line) were purchased from the American Type Culture Collection (Manassas, VA, uSA). As previously described and characterized (19) , another stable Cx32-transfected HeLa cell line (HeLa-Cx32) was under the control of a bidirectional tetracycline-inducible promoter. In these cells, Cx32 expression was induced by doxycycline (1 µg/ml) exposure for ~48 h. The positive cells were screened with 100 µg/ml G418 sulfate and 200 µg/ml hygromycin B in DMEM supplemented with 10% foetal bovine serum (FBS). C-33A cells were grown in MEM supplemented with 10% FBS, antibiotics and glutamine. Low-density culturing was adopted to study the non-junctional function of Cx32 in apoptosis. The cells were seeded in wide dishes (150 mm), which provided enough distance among cells such that adjacent cells were prevented from forming GJs.
GJ functional assay. Gap junction intracellular communication (GJIC) function was assessed with a 'parachute' dye-coupling assay as described by Goldberg et al (20) . After cells were cultured to confluence in 12-well plates, 5 µM calcein-AM was added to donor cells for 30 min at 37˚C. Then, the cells were rinsed, trypsinized and seeded onto the receiver cells at a 1:150 donor/receiver ratio. Donor cells can be observed due to calcein-AM. If GJIC function is normal, calcein-AM from donor cells can be intracellularly transferred into the receiver cells. Both the donor cells and the monolayer of receiver cells were incubated for 4 h at 37˚C. Then, the average amount of receiver cells containing calcein-AM per donor cell was observed with a fluorescence microscope (Olympus IX71, Tokyo, Japan). The level of GJIC was measured based on the average amount of dye in the receiver cells.
Apoptosis assay. Briefly, ~1-2x10 5 cells per well were seeded in 6-well plates. Before adding the apoptosis-inducing reagent to the cells, HeLa-Cx32 or C-33A cells were divided into several groups (HeLa-Cx32 were incubated with or without doxycycline for 48 h and C-33A cells were treated with Cx32 siRNA or non-specific siRNA for 48 h). HeLa-Cx32 cells were incubated with TNFα (100 ng/ml) or TRAIL (20 ng/ml) for 24 h, while the C-33A cells were incubated with TNFα (100 ng/ml) plus CHX (1 µg/ml). After the cells were washed twice with PBS, they were trypsinized and harvested. Next, the cells were centrifuged and resuspended in binding buffer. After the cells were stained with Annexin V-FITC and propidium iodide (PI) for 15 min at room temperature in the dark, the samples were swiftly analysed in a flow cytometer. The early or late apoptosis rate was used for the analysis in Expo32 software.
Cx32 siRNA interference experiments. After the cells had grown to 30-50% confluence, non-specific siRNA (negative control) or the Cx32 siRNA (50 nM, Ribbon, Guangzhou, China) and Lipofectamine™ 2000 were added together and mixed. Then, the mixture was added to the cells in each well according to the manufacturer's protocol. After the cells were incubated with the siRNAs for 48 h, TNFα (TNFα+Chx for C-33A cells) was added to induce apoptosis.
The sequences of the synthetic Cx32 siRNAs are as follows: siCx32_1, 5'-CCGGCATTCTACTGCCATT-3'; siCx32_2, 5'-GGCTCACCAGCAACACATA-3'; and siCx32_3, 5'-GCAACAGCGTTTGCTATGA-3' . Among them, the inhibitory effects of siCx32_3 were the best, and it was chosen for use in the remaining experiments.
Cell viability measurement. Cells were plated in 96-well plates and treated with drugs at various concentrations for 24 h. Cell Counting Kit-8 (CCK8) reagent was added to cells and allowed to react for a 3-4 h reaction, and the optical density was measured at a wavelength of 450 nm using a microplate reader (Bio-Tek Instruments). In a second method, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was added to cells for a 3-4-h reaction, and DMSO was used to dissolve the sediment. The optical density was measured at a wavelength of 490 nm for the MTT method. The normalized cell survival rate was measured from the optical density based on the CCK-8 and/or MTT results.
Western blot analysis. Cell plates were placed on ice after tissue or cells were washed three times with PBS. Tissues or cells were lysed in lysis buffer [150 mM NaCl, 1 mM EGTA, 1 mM EDTA, 1 mM Na 3 VO 4 , 2.5 mM sodium pyrophosphate, 1% Triton X-100, 1 mM β-glycerophosphate, 20 mM Tris-HCl (pH 7.4) and protease inhibitors (1:1,000)] for ≥30 min. After scratching, collection and ultrasonication, the lysates were centrifuged at 12,000 rcf for 30 min at 4˚C, and the supernatants were collected. Proteins concentrations were measured with a BCA protein assay kit (Thermo Fisher, MA, uSA). Nucleoproteins were collected using nuclear and cytoplasmic extraction reagents (Thermo Scientific) following the manufacturer's instructions (21) . The same amount of each sample (20 µg) was separated via SDS-PAGE and transferred to a nitrocellulose membrane. Before antibody blotting, 5% milk was used to block the membranes for 1 h. Monoclonal antibodies including those for Cx32 (1:1,000), P65 (1:1,000), histone H3 (1:1,000), MMP-9 (1:1,000), MMP-2 (1:1,000), c-IAP1 (1:1,000), XIAP (1:1,000), cleaved-caspase-3 (1:1,000), β-actin (1:10,000) and β-tubulin (1:10,000), were incubated with the membrane overnight at 4˚C. The next day, the membranes were incubated with HRP-conjugated secondary antibodies at room temperature for 1-2 h. After being washed with TBST, immunopositive bands in the membrane were detected and visualized with Western Lightning chemiluminescence reagents (Thermo Fisher). ImageJ software was used to analyse the western blotting band density data. The ratio of the target protein to the respective loading control (e.g., tubulin) was calculated, and the mean of the ratios from the control bands were normalized as '100'.
Statistical analysis. All of the experiments had a minimum of three replicates. The data represent the mean ± standard error (SE) and were analysed using SPSS 16.0 software. Statistical significance (P<0.05) was determined via a one-way ANOVA (>2 groups) or Student's t-test (2 groups). Non-parametric data were analysed using two independent sample tests. Pearson's correlation analysis was used to analyzed the correlation between Cx32 and NF-κB expression and GraphPad Prism 6.0 software was used to create the histograms and scatter plots. In the figures, asterisk (*) represents P<0.05 compared to the corresponding group.
Results

Overexpression of Cx32 suppressed the extrinsic apoptosis of HeLa cells regardless of whether GJ function was inhibited.
Similar to the research methods used for studying the role of Cx32 in endogenous apoptosis, we first used HeLa-Cx32 cells in which the expression of Cx32 could be controlled by Dox to investigate the function of Cx32 in exogenous apoptosis. We detected the expression of Cx32 after HeLa-Cx32 or HeLa wild-type cells were incubated with Dox. The results showed that Dox could induce Cx32 expression in HeLa-Cx32 cells but not in HeLa wild-type cells (Fig. 1A) . Reports have shown that 2-APB, 18α-GA and oleamide can effectively inhibit GJIC (22) . According to our previous study, 2-APB, 18α-GA and oleamide were used as GJ inhibitors in our experiments (23, 24) . To eliminate the interference of tool drugs on apoptosis and help choose a suitable working concentration, we detected the survival rate of cells using CCK-8 and MTT assays. Based on the results, we used inhibitors at the following concentrations which showed no significant cytotoxicity: 18α-GA (10 µM), oleamide (25 µM), SC75741 (1 µM) and JSH-23 (2 µM) (Figs. 1B and 4A ). We confirmed in our parachute assay that Dox could enhance GJ function, but that 2-APB, 18α-GA and oleamide were able to inhibit it (Fig. 1C) .
Following treatment with TNFα or TRAIL, the early apoptosis rate of HeLa-Cx32 cells in the different groups was analysed. In the subsequent experiment, HeLa-Cx32 cells were divided into the following groups, with the total culture time of each group being equal: control group (incubated with solvent), Dox group (incubated with Dox for 48 h), TNFα group (treated with TNFα for 24 h), Dox+TNFα group (cells were incubated with Dox for 48 h and treated with TNFα for another 24 h); TNFα+18α-GA group (18α-GA was added 2 h before treatment with TNFα); and Dox+TNFα+18α-GA group (incubated with Dox for 48 h and 18α-GA was then added 2 h before treatment with TNFα for another 24 h). The incubation times for the other GJ inhibitors, such as 2-APB and oleamide, were identical to that used for 18α-GA. The division of the TRAIL groups was similar to that of the TNFα group.
In Fig. 1D , the HeLa-Cx32 cells were divided into 4 groups: the control group, Dox group, TNFα group, and Dox+TNFα group. The result showed that the apoptosis rate of HeLa-Cx32 cells in the TNFα group was much higher than in the other groups (Fig. 1D) . To confirm that Cx32 function was related with GJIC in this instance, low-density culturing or GJ inhibitors, such as 2-APB and 18α-GA, were used ( Fig. 1E and F) . 2-APB or 18α-GA was added to inhibit GJs before TNFα was added to the cells. The results showed that the anti-apoptosis function of Cx32 was present even when 2-APB or 18α-GA was added (Fig. 1E ). An additional method (low-density culturing) was used to ensure that the distance among cells was great enough so that they could not form GJs. In these low density cultures, Cx32 prevented apoptosis induced by TNFα (Fig. 1F) , which was consistent with the GJ inhibitor results (Fig. 1E) . Aside from TNFα, we also utilized a stronger apoptosis inducer, TRAIL, when repeating the experiment, and the results were similar to those obtained for TNFα (Fig. 1G) . Low-density culturing and GJ inhibitors such as 2-APB and 18α-GA did The results showed that GJs were inhibited by 2-APB, 18α-GA and oleamide (n=3). (D) under high-density culture conditions, Cx32 overexpression suppressed TNFα-induced apoptosis (n=4). (E) GJs were inhibited by 2-APB or 18α-GA, and these GJ inhibitors did not change the Cx32 anti-apoptotic functions (n=3-4). (F) Low-density culturing showed that the Cx32 anti-apoptotic functions were still present without GJ formation (n=4). (G) Aside from TNFα, TRAIL (20 ng/ml) was used to induce apoptosis. High Cx32 expression induced by Dox inhibited the apoptosis induced by TRAIL (n=3). (H) HeLa-Cx32 cells were divided into 6 groups: control group, Dox group, TNFα group, Dox+TNFα group, TNFα+18α-GA group, and Dox+TNFα+18α-GA group. Expression of cleaved-caspase-3, an executor of apoptosis, was detected via western blotting. The results were consistent with apoptosis detection via flow cytometry with Annexin V-FITC (n=3). * P<0.05 with respect to the control or corresponding group. not change the anti-apoptotic functions of Cx32, indicating that the anti-apoptosis effect of Cx32 may not be related to GJIC. To further explore the extent of apoptosis, we also used western blotting to detect the expression of cleaved-caspase-3, which is an executioner caspase in apoptosis. HeLa-Cx32 cells were divided into the following 6 groups: control group, Dox group, TNFα group, Dox+TNFα group, TNFα+18α-GA group, and Dox+TNFα+18α-GA group. The results showed that the changes in cleaved-caspase-3 expression levels were consistent with the extent of apoptosis detected via flow cytometry using Annexin V-FITC (Fig. 1H) . After a 48-h incubation with Dox, Cx32 expression was induced, and apoptosis rates were lower in the high-Cx32-expression groups.
siRNA knockdown of endogenous Cx32 expression in C-33A cells reduced the anti-apoptotic effect of Cx32.
We also used C-33A cells as a model to further explore the role of Cx32 in apoptosis via negative regulation. According to our results, C-33A cells natively expressed Cx32; thus, we chose these cells for the Cx32 interference experiment. In our study, non-specific siRNAs were used as a negative control (NC) and three Cx32 siRNAs (S1, S2 and S3) were used to knock down Cx32 expression. S2 and S3 were the most efficient, and the S3 fraction was therefore used in our further experiments ( Fig. 2A) . As the apoptosis-inducing ability of TNFα is limited based on our experimental results, we decided to use TNFα (50 ng/ml) and CHX (1 µg/ml) in combination to induce apoptosis in C-33A cells, which has been demonstrated in previous reports (25) . After using Cx32 siRNA3 to knock down Cx32 expression in C-33A cells, all of the groups were incubated with 18α-GA, and some of the groups were incubated with TNFα plus Chx to induce apoptosis. Consistent with the results from the HeLa-Cx32 experiments, the apoptosis rates in the Cx32 knockdown groups were much higher than those in the non-specific siRNA groups after cotreatment with TNFα plus CHX (Fig. 2B) .
Cx32 expression upregulates NF-κB and activates its downstream effectors MMPs, c-IAP1 and XIAP.
Our previous study showed that Cx32 expression was obviously higher in CaCx clinical tissue samples than in normal samples. Because NF-κB acts as an important factor in the extrinsic apoptosis pathway, we examined the expression of NF-κB and MMP-2 in CaCx clinical tissue samples to determine the effects of Cx32 on the NF-κB signalling pathway. Metalloproteases (MMPs) and c-IAP1 are downstream in the NF-κB signalling pathway. In total, 15 samples were used to detect NF-κB and MMP-2 expression. Some of the samples were from CaCx tissue with high Cx32 expression, and others were from para-CaCx tissue with low Cx32 expression. under these circumstances, we found that NF-κB and MMP-2 expression was obviously higher in CaCx samples than in para-CaCx samples (Fig. 3A) .
Based on the variation in NF-κB and MMP-2 levels in human cervical samples, we investigated the expression of Cx32, NF-κB and its target proteins in CaCx samples. Nucleoproteins and cytoplasm proteins from 15 CaCx tissue samples were collected and then the expression of NF-κB, Cx32, XIAP and c-IAP1 were detected by western blotting. The results showed that Cx32 expression was correlated with expression of NF-κB (r= 0.517, P= 0.049) and the variation tendency of XIAP and c-IAP1 coincided with NF-κB variation (Fig. 3B) . Then we continued to explore Figure 2 . In C33A cells, Cx32 siRNAs were used and the non-junctional function of Cx32 in apoptosis induced by TNFα+CHX was dectected. (A) Non-specific siRNA was used as a negative control (NC), and three Cx32 siRNAs (S1, S2 and S3) were used to knock down Cx32 expression. S2 and S3 were both efficient, and S3 was chosen for further experiments (n=3). (B) After using Cx32 siRNA3 to knock down Cx32 expression, all groups were incubated with 18α-GA and some groups were incubated with TNFα+CHX to induce apoptosis in C33A cells. Consistent with the results from the HeLa-Cx32 experiments, the apoptosis rates (normalized) in the Cx32 knock down groups were much higher than in the non-specific siRNA groups after cotreatment with TNFα+CHX (n=3). the Cx32 and NF-κB expression in vitro. After Cx32 expression was reduced by Cx32 siRNA3, the expression of P65 in the nucleus and total XIAP and c-IAP1 expression in C-33A cells also decreased (Fig. 3C) . Consistent with the results in the C-33A cells, our results showed that Cx32 not only regulated the expression of P65 (NF-κB) in the nucleus of HeLa-Cx32 cells but also regulated total MMP-9, MMP-2 and c-IAP1 expression in HeLa-Cx32 cells (Fig. 3D) . Similar results were observed for MMP-2, MMP-9 and c-IAP1, which are also NF-κB target proteins.
Cx32 exerts an inhibitory effect on extrinsic apoptosis via the NF-κB pathway in CaCx cells. Based on the above results, we next used NF-κB inhibitors as tools to study the effects of Cx32. As an inhibitor of NF-κB, SC75741 specifically inhibits NF-κB-mediated signalling on a transcriptional level (18) . Before apoptosis was induced, we added SC75741 or JSH-23 to the cells. We added SC75741 to two of the groups and found that it reduced the anti-apoptotic functions of Cx32 in response to TNFα (Fig. 4B) . Moreover, JSH-23, another NF-κB inhibitor, changed the anti-apoptotic functions of Cx32 in response to TRAIL when using oleamide (25 µM) to inhibit GJs (Fig. 4C) . SC75741 also reversed the anti-apoptotic functions of Cx32 in C-33A cells (Fig. 4D) . We have summarized the targets of Cx32 in a diagram to show its functions and downstream signalling pathways (NF-κB, c-IAP1, and MMP-2) in the extrinsic apoptotic pathway of CaCx cells (Fig. 5 ).
Discussion
Our data indicate that Cx32, whether in GJs or not, is critical for active NF-κB signalling in CaCx cells. Due to the complexity of GJ-dependent and GJ-independent effects in apoptosis, we focused on the non-junctional functions of Cx32 in CaCx in this study. To study these non-junctional functions in apoptosis, 2-APB, 18α-GA, oleamide and lowdensity culturing were utilized to block the effects of GJIC on apoptosis. To eliminate the interference of tool drugs on apoptosis and to choose suitable drug concentrations, we detected the survival rates of cells using MTT assays. The results showed that the survival rates of the SC75741 (1 µM) and JSH-23 (2 µM) groups displayed no statistically significant differences compared to those of control group (n=3-4). (B) SC75741, an NF-κB inhibitor, reversed the anti-apoptotic functions of Cx32 in response to TNFα (n=3). (C) JSH-23, an NF-κB inhibitor, changed the anti-apoptotic functions of Cx32 (n=3). (D) After treatment with Cx32 siRNA3 to knock down Cx32 expression, all of the groups were incubated with 18α-GA, and some of the groups were incubated with TNFα+CHX to induce apoptosis in C33A cells. Consistent with the results from the HeLa-Cx32 experiments, the relative apoptosis rates of the Cx32 knockdown groups were much higher than those of the non-specific siRNA groups after cotreatment with TNFα+Chx. SC75741 also inhibited the anti-apoptotic functions of Cx32 (n=3).
There are two major apoptosis pathways, the intrinsic and extrinsic pathways. The extrinsic apoptosis pathway depends on death ligands, which include TNFα, FasL and TRAIL, and their binding to DRs (26) . TNFα leads to an increase in apoptosis by upregulating the transcriptional factor FoxO1, which leads to the increased expression of apoptotic genes (27) . TNFα can not only induce an inflammatory response but can also induce apoptosis via cotreatment with protein synthesis inhibitors, such as CHX (28) . Because the apoptosis rates induced by TNFα were low in our study, we added CHX to promote apoptosis in C33A cells (25) . Our data show that TRAIL is a more sensitive cytokine at lower concentrations than TNFα. In fact, TRAIL is a selective cytokine that induces tumour cell apoptosis while sparing normal cells (29, 30) . To validate the universal functions of Cx32 in extrinsic apoptosis, we used both TNFα and TRAIL to induce apoptosis in our study.
CaCx progression is related to EGFR, MMPs and cyclooxygenase-2 (COX-2) overexpression (31, 32) . TNFα-induced NF-κB activation was not prevented by EGFR or Src inhibition, suggesting that TNFα exerts both EGFR-dependent and EGFR-independent effects (33) . Activation of NF-κB is a central event in the responses of normal cells to inflammatory signals, such as those caused by HPV infection. Abnormal constitutive activation of NF-κB is important for the survival of most cancer cells, and the activation of NF-κB and EGFR can be connected by SOS1 (34) . In the apoptosis pathway induced by TNFα or TRAIL, NF-κB acts as a key factor for cell survival (35) . NF-κB, especially the P65 (RelA) subunit, can induce the expression of anti-apoptotic genes, such as IAP genes, thus inhibiting tumour cell apoptosis. XIAP, c-IAP1 and survivin are very important members of the IAP family (36) . c-IAP1 and c-IAP2 suppress TNFα-stimulated cell death by preventing the formation of the TNF receptor 1 (TNFR1) pro-apoptotic signalling complex (37) . Overexpression of XIAP and c-IAP1 are associated with drug resistance in cancer cells and reduce patient survival after chemotherapy and radiotherapy. Our data show that c-IAP1 expression is related to Cx32 expression. This result demonstrates a relationship between Cx32 and c-IAP1, which may account for the anti-apoptotic effect of Cx32 in CaCx cells.
NF-κB can be activated by many different stimuli including pro-inflammatory cytokines (e.g., TNFα, IL-1), lipopolysaccharides, and viral proteins (38) . After activation, the transcription factor NF-κB can translocate into the nucleus and bind the promoter of immunoglobulin κ-chains in B-cells. The downregulation of Cx43 expression induced by high glucose levels activates NF-κB in glomerular mesangial cells, leading to renal inflammation (39) . Inflammation caused by HPV is an important factor for CaCx progression. However, whether Cx32 is related to inflammation requires further study. In our study, we found that high Cx32 expression levels promoted P65 (RelA) expression in the nucleus. After we added SC75741 or JSH-23 to inhibit NF-κB, the anti-apoptotic effects of Cx32 in response to TNFα and TRAIL vanished or weakened. The exact mechanisms for why non-junctional Cx32 is required in the NF-κB signalling pathway remain unclear.
HPV, like several other viruses, has developed a method for evading the TNF-mediated host immune response (40) . One of the key attributes of HPV-induced cervical malignant transformation is HPV E2 gene disruption. E2 may regulate NF-κB and STAT3 activation in the presence of TNFα, with survival implications for HPV-infected cells (41) . KIAA1199 is an oncogenic protein induced by HPV infection that connects the NF-κB and EGFR oncogenic cascades and transmits pro-survival and invasive signals (42) . CaCx cell lines display important differences with respect to Cx32 and HPV. HeLa and SiHa cells are HPV-positive and Cx32-negative, while C-33A cells are HPV-negative and Cx32-positive. Therefore, whether HPV and Cx32 are independent factors in CaCx could also be a question for further investigation.
The existence of a link between Cx43 or Cx26 and MMP expression has been demonstrated in various tumour Figure 5 . Diagram of the inferred mechanism for Cx32 effects on extrinsic apoptosis. Cx32 suppressed TNFα/TRAIL-induced apoptosis in vitro regardless of whether GJ function was inhibited or was pharmacologically or physically present. upregulated Cx32 expression and its non-junctional localization in CaCx cells may dominate NF-κB and its downstream targets in cancer cells, thereby producing the anti-extrinsic apoptotic and tumour promoting effects.
cells (43, 44) . As a marker for tumour invasion and progression, MMPs are key proteins for the development of tumours and the associated microenvironment (45) . In our study, we detected MMP-9 and MMP-2 expression after controlling Cx32 in HeLa-Cx32 cells and found that they had positive correlations with or without TNFα incubation. Perhaps there may be a balance between GJ-associated and non-junctional Cx32 in apoptosis. Thus, the anti-or pro-apoptotic effects of GJs and/or Cx32 play important roles in maintaining this balance depending on their concentration, intensity, or the type of apoptosis inducer. However, although the participation of nuclear Cx proteins in controlling cell-death-related gene expression, partly via Cx-responsive elements (CxRE) has been suggested (46, 47) , the exact mechanism regarding how Cx32 modulates NF-κB requires further investigation.
In conclusion, by promoting NF-κB, its downstream signalling pathway components (e.g., c-IAP1, and MMP-2) and aberrant nuclear localization, high Cx32 expression levels result in anti-apoptotic functions in the extrinsic apoptotic pathway in CaCx, independent of the Cx32 function in GJs. This study demonstrates that non-junctional Cx32 serves as a novel regulator of exogenous apoptosis in CaCx cells, which may provide new insights into the roles of Cx32 in CaCx progression and microenvironment formation.
